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then	 rework	 material	 enables	 the	 reincarnation	 and	 repair	 of	 damaged,	 high-value	 components.	 These	
techniques	 present	 significant	 opportunities	 to	 improve	 material	 utilisation,	 part	 complexity	 and	 quality	
management	in	functional	parts.	




This	 research	 reviews	 and	 critically	 discusses	 salient	 published	 literature	 relating	 to	 the	 development	 of	
Workstations	 for	 Hybrid	 Additive	 and	 Subtractive	 Processing	 (WHASPs),	 and	 identifies	 future	 avenues	 for	
research	and	development.	 It	reports	on	state-of-the-art	WHASP	systems,	 identifying	key	traits	and	research	












manufactured	 metal	 parts	 almost	 always	 require	 post-processing	 to	 improve	 part	 quality	
characteristics	and	relieve	residual	stresses.		
One	possible	solution	to	overcome	these	limitations	is	to	`hybridise’	two,	or	more,	processes	to	create	
a	 heightened	 capability.	 At	 the	 present	 time,	 workstations	 for	 hybrid	 additive	 and	 subtractive	






overhanging	 features,	and	parts	with	a	high	 ‘buy-to-fly’	 ratio	 [2].	These	advantages	help	to	reduce	
material	wastage,	and	excessive	consumption	of	tooling.		
There	are	already	review	papers	in	the	field	of	hybrid	additive	and	subtractive	manufacturing.	Wang	
et	 al.	 [3]	 discuss	 the	 repair	 of	 parts	 via	 laser-based	 additive	 manufacturing	 processes.	 This	 deals	
predominantly	 with	 welding-based	 processes	 and	 gives	 a	 general	 discussion	 on	 the	 necessary	
components	 for	 an	 integrated	 system.	 Similarly,	 reviews	 have	 been	 undertaken	 relating	 to	 hybrid	
manufacturing	processes	[4],	[5];	however,	these	do	not	go	into	detail	about	specific	configurations,	
themes	 and	 challenges	 in	 HASPs.	 Lorenz	 et	 al.	 [6]	 have	 recently	 published	 a	 review	 of	 hybrid	




et	al.	 [8]	have	 reviewed	process	planning	 in	 layered	manufacturing.	 In	 recent	history	 this	area	has	
drawn	significant	attention	in	academia	and	industry,	 including	several	commercialised	systems.	As	





the	 “Standard	 Terminology	 for	 Additive	Manufacturing	 Technologies,”	 which	 is	 part	 of	 the	 ASTM	
F2792-12A	 standard	 series	 [9]	 (see	 Figure	 1).	 In	 addition	 to	 those	 detailed	 in	 this	 standard,	 `cold	
spraying’	has	been	added,	which	refers	to	an	additive	process	that	propels	powdered	material	at	a	
substrate	at	a	sufficiently	high	velocity	to	cause	adhesion	and	material	build-up	[10].	In	metal	additive	
manufacturing	 (MAM),	 material	 extrusion,	 sheet	 lamination,	 powder-bed	 fusion,	 directed	 energy	
deposition	and	cold	spraying	are	used	[10];	however,	industry	has	predominantly		focused	on	powder	







uniformity	 in	 material	 properties,	 and	 mechanical	 properties	 e.g.	 residual	 stresses.	 These	 issues	
necessitate	post-processing	to	achieve	the	desired	part	properties.	
Part	resolution	is	largely	defined	by	the	smallest	built-element.	In	both	PBF	[13]–[16]	and	DED	[17]–






























affects	grain	 coarseness,	 grain	alignment	and	material	density,	whereas	hatch	 spacing	affects	part	











The	 finishing	 of	 additively	 manufactured	 metal	 components	 may	 be	 categorised	 into	 three	
mechanisms,	 namely:	 (i)	 machining	 and	 mechanical	 conversion	 e.g.	 machining,	 shot-peening	 and	
grinding;	 (ii)	 thermal	 processes	 including	 laser	 and	 electron	 beam	 melting;	 (iii)	 chemical	 and	









speed	milling	 (HSM)	 to	 finish	 aluminium	 AM	 parts.	 HSM	was	 found	 to	 produce	 highly	 favourable	















machine	 tool.	 This	 platform	 is	 typically	 optimised	 in	 its	 layout	 for	 either	 additive	 or	 subtractive	
processing.	The	secondary	process	is	then	introduced	via	some	form	of	integration,	which	might	be	
the	physical	mounting	of	 an	 additive	deposition	head,	or	 the	 introduction	of	 a	 separate	 industrial	
robot	to	deliver	the	secondary	process.	To	be	able	to	interchange	between	processes,	some	form	of	
controller	 logic	 or	 physical	 reconfiguration	 of	 the	machine	must	 be	 present.	 The	 controller	 of	 the	
machine	is	responsible	for	motion	and	the	auxiliary	commands	that	facilitate	additive,	subtractive	and,	
in	many	cases,	metrology	processes	during	manufacture.	This	controller	receives	instructions	from	the	












In	 general,	 Figure	 3	 describes	 the	 process	 interactions	 in	 a	 hybrid	 additive	 and	 subtractive	
manufacturing	process.	Any	given	process	may	exhibit	some	or	all	of	these	interactions	as	a	WHASP	
creates	a	new	part,	or	operates	on	an	existing	part.	The	manufacture	of	new	parts	necessarily	starts	

















Once	 processing	 begins,	 there	 are	 a	 total	 of	 12	 interactions	 within	 and	 between	 processes:	 (1)	
consecutive,	 open-loop	 addition	of	material,	 (2)	 consecutive	 acquisition	of	measurement	 data,	 (3)	
consecutive,	 open-loop	 subtraction	 of	 material,	 (4)	 interchange	 from	 additive	 to	 subtractive	
processing,	without	verification	of	additive	outcomes,	 (5)	 interchange	 from	subtractive	 to	additive	
processing,	 without	 verification	 of	 subtractive	 outcomes,	 (6)	 verification	 of	 additive	 processing	
outcomes,	(7)	verification	of	subtractive	processing	outcomes,	(8)	additive	processing	with	additional	
insight	 from	 prior	 measurement	 and	 characterisation,	 (9)	 subtractive	 processing	 with	 additional	
insight	 prior	 measurement	 and	 characterisation,	 (10)	 verified	 process	 completion,	 based	 on	
measurement	or	characterisation	of	the	final	part,	 (11)	unverified	(open-loop)	process	completion,	
ending	with	 additive	 processing,	 and	 (12)	 unverified	 (open-loop)	 process	 completion,	 ending	with	
subtractive	processing.	Where	required,	the	remaining	sections	of	this	review	shall	refer	back	to	this	






to	 selectively	 process	 material,	 producing	 the	 required	 surface	 characteristics	 imposed	 by	 some	
critical	 applications	 (e.g.	 aerospace	 and	 medical).	 As	 many	 of	 the	 existing	 mechanical	 finishing	
techniques	require	`line-of-sight’	to	access	overhanging	or	internal	features,	it	is	advantageous	to	be	
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be	transformed	 into	finished	parts	using	only	one	visit	 to	a	single	machine	tool,	 increasing	process	
capability	[55].		





may	 overcome	 existing	manufacturing	 challenges,	 thereby	 satisfying	 the	 objective	 of	 “1+1=3”	 for	
hybrid	 manufacturing	 as	 defined	 by	 Lauwers	 et	 al.	 [5].	 For	 these	 reasons,	 research	 into	 the	




down	 into	 the	 constituent	 layers,	 namely:	 the	 hardware,	 controller	 and	 software	 layers.	 The	
proceeding	sections	report	on	the	literature	from	the	perspective	of	each	of	these	layers.		
4.1. The	hardware	layer	







additive	 processing	 tier,	 with	 a	 small	 number	 of	 cases	 considering	 powder	 bed	 fusion	 (PBF)	 and	

















The	 use	 of	 arc-based	 directed	 energy	 deposition	 has	 been	 realised	 through	 the	 mounting	 of	 an	
additive	head	(welding	torch)	within	a	machine	tool,	or	on	an	industrial	robotic	manipulator.	Merz	et	
al.	 [57]	 developed	 ‘Shape	 Deposition	 Manufacturing’	 (SDM),	 	 which	 hybridised	 a	 newly	 defined	





In	 this	 research	a	 test-bed	 facility	was	developed,	which	 included	 four	distinct	processing	stations,	
namely:	5-axis	CNC	machining,	a	robotic	deposition	station,	part	cleaning	and	shot	peening	stations.	




Later	 in	1997-1998,	Amon	et	al.	 [58],	 [59]	extended	the	work	of	 [57]	by	modelling	a	 ‘Microcasting’	
droplet	 impacting	 on	 an	 ambient	 substrate.	 As	 a	 result	 of	 this	 modelling,	 torch	 power,	 droplet	
deposition	 rate,	 droplet	 size	 and	 free-fall	 distance	 were	 optimised	 to	 reduce	 the	 likelihood	 of	
interlayer	de-bonding	and	excessive	thermal	stress	build-up	in	single	and	dual-material	parts.	Amon	










welding	 voltage,	 current	 and	 speed.	 It	was	 found	 that	by	depositing	a	 layer	of	metal,	 followed	by	
planar	milling	 and	 then	 depositing	 the	 next	 layer	 resulted	 in	 high	 density	 parts	 (>90%),	with	 final	
surface	roughness	2	μm	(Ra)	after	milling	and	tensile	strength	that	is	comparable	to	wire	mild	steel.	
This	research	was	supplemented	in	2006	by	Song	and	Park	[61]	who	demonstrated	the	manufacture	
of	multi-material	 components	 using	 the	 same	 set-up.	 In	 a	 cubic	 specimen,	 a	mild	 steel	 core	 was	
enshrouded	within	a	stainless	steel	layer	using	two	additive	heads.	Two	distinct	materials	were	clearly	







Akula	et	al.	 [62],	 [63]	developed	an	 in-house	machine	 tool	 to	accommodate	both	CNC	milling	and	








the	 desired	material	 properties	 for	moulds	 and	 dies	 could	 not	 be	 entirely	 achieved	 by	 arc-based	
directed	 energy	 deposition	methods.	 Akula	 et	 al.	 [62]	 concluded	 that	 parts	manufactured	 by	 this	
method	are	mechanically	inferior	to	their	counterparts	manufactured	conventionally;	however,	after	
CNC	 milling,	 similar	 geometrical	 accuracy	 is	 achieved.	 The	 overall	 part	 accuracy	 is	 process	 and	
workpiece	dependent;	however	 figures	 stated	 in	 [64]	describe	part	accuracies	of	±0.030	mm	for	a	
combined	DED	and	CNC	machining	processes.	In	another	study,	Akula	et	al.	[63]	analysed	the	effect	












for	manufacturing	any	metal	 tool	or	die	as	compared	to	other	 individual	 techniques.	Furthermore,	
they	 identified	 near	 net-shape	 building	 and	 finish	 machining	 on	 a	 singular	 platform	 as	 the	 most	
significant	 feature	 of	WHASPs.	 Example	 mould	 parts	 manufactured	 by	 the	 proposed	method	 are	
displayed	in	Figure	6.	Karunakaran	et	al.	[67]	highlighted	that	heat	management	during	this	process	is	









can	 accommodate	 both	 arc	 and	 laser-based	 directed	 energy	 deposition	 processes,	 using	 a	 6-axis	
robotic	manipulator	to	execute	either	laser	(1kW	/	2.5	kW	Nd:YAG)	or	micro-plasma	welding	facilities.	
This	 robotic	 system	was	able	 to	process	material	 that	 is	 fixtured	within	a	5-axis	machine	 tool.	The	
MULTIFAB	capability	has	primarily	focused	on	the	repair	of	high-value	metal	components,	which	in	




CNC	machining	WHASPs.	Motion	platforms	 take	 the	 form	of	 commercial	 three-axis	machine	 tools,	
with	retrofitted	welding	facilities	to	deposit	material.	In	some	cases,	the	welding	head	is	retractable	
to	avoid	interference	with	the	CNC	machining	operations.	Alternatively,	industrial	robots	have	been	
used	 to	 work	 collaboratively	 with	 commercial	 5-axis	machine	 tools.	 Process	 sequencing	 generally	
alternates	between	layer	deposition	and	planar	milling.	There	has	been	no	particular	focus	on	the	use	
profile	milling	between	deposited	layers,	which	could	potentially	make	finishing	of	overhanging	and	






restricted	 material	 choices,	 has	 resulted	 in	 an	 increased	 interests	 in	 using	 laser-based	 material	
deposition	 methods	 [54].	 Laser-based	 directed	 energy	 deposition	 is	 similar	 to	 its	 arc-based	
counterpart;	 however,	 in	 these	 processes,	 a	 laser	 is	 used	 to	 create	 a	 localised	 melt-pool	 on	 the	
substrate	to	which	material	 is	then	deposited.	Another	widely	adopted	term	for	these	processes	 is	
‘laser	cladding.’	





























material	 deposition	 permitted	 multiple	 build	 directions,	 avoiding	 molten	 material	 flow	 along	 an	


























laser	 cladding	 capabilities	 on	 a	 FADAL	 5-axis	 CNC	machine	 tool	 and	 extended	 Eiamsa-ard	 et	 al.’s	
research	for	multi-axis	surface	patching	of	damaged	and	worn	die	tools.	The	authors	proposed	a	3-D	
patching	 method	 where	 the	 material	 is	 deposited	 on	 an	 existing	 feature	 and	 follows	 its	 surface	
contour	as	opposed	to	2-D	material	deposition	as	shown	in	Figure	11.	The	integration	of	laser	cladding	
into	a	5-axis	CNC	machine	tool	meant	that	material	deposition	and	finishing	could	be	achieved	with	a	
single	 setup.	 This	 facilitated	 higher	 geometrical	 accuracy	 whilst	 minimising	 the	 time	 required	 for	
repair,	reducing	associated	costs.	
The	Fraunhofer	IPT	institute	developed	a	WHASP	through	the	integration	of	a	wire-fed	laser	deposition	
head	on	a	3-axis	high	speed	milling	centre	 [64].	This	 research	was	 initially	aimed	at	 the	repair	and	
modification	 of	 steel	 moulds.	 The	 layer-by-layer	 material	 deposition	 and	milling	 capability	 of	 the	
system	 allows	 machining	 to	 be	 carried	 out	 in-between	 building	 processes.	 Therefore,	 precision	
features	 could	 be	 manufactured	 using	 standard	 milling	 cutters,	 reducing	 the	 need	 for	 post	 EDM	
machining.	 Synergistically	 utilising	 layered	 additive	 manufacturing	 techniques	 with	 conventional	
milling	permitted	the	manufacture	of	engineering	features	with	high	aspect	ratios;	however,	this	 is	
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saving	 could	 be	 achieved	 using	 this	 system.	 As	 shown	 in	 Figure	 9,	 no	 significant	 microstructural	
abnormalities	were	detected	in	the	repaired	turbine	blades,	whilst	good	fusion	to	base	materials	and	
low	weld	porosity	were	found.	However,	Figure	9	does	show	a	clear	boundary	between	the	base	and	
cladded	materials.	 The	 authors	 stated	 that	 further	 investigation	 on	 optimising	 the	 cladding	 head	
design	 and	 process	 parameters	 were	 necessary	 to	 guarantee	 part	 quality	 [76].	Many	 commercial	







































the	 workpiece	 during	 or	 after	 SLM	 coalescence.	 Due	 to	 the	 non-contact	 nature	 of	 the	 process,	
cylindrical	pins	with	diameters	between	50µm	and	350µm	we	produced	using	this	process.	Internal	
features	were	also	produced	using	SLE	to	drill	holes	of	126	and	120 µm	diameters.	It	was	noted	that	
the	 laser	was	 commanded	 to	 follow	 the	 perimeter	 contour	 of	 the	 circle,	 rather	 than	 a	 stationary	
processing	point.	
Using	the	same	machine,	the	authors	were	also	able	to	improve	surface	roughness	and	reduce	residual	







was	 0.77%,	 showing	 an	 improved	 density.	 This	 research	 represents	 the	 only	 example	 of	machine	


















throughput	 [80],	 [81].	 Open	 loop	 control	 has	 also	 commanded	 the	 attention	 of	 several	 research	
efforts.	 In	 additive	 processing,	 this	may	 be	 undertaken	 by	 optimising	 processing	 parameters.	One	
example	of	this	is	given	in	[85],	where	the	authors	experiment	with	different	laser	power	profiles	to	
control	heating	of	the	powdered	material.	Another	form	of	control	adjusts	spatial	aspects	of	the	build,	





















width.	The	work	of	 Jones	et	al.	 [91]	uses	fixed	additive	parameters	 in	an	open-loop	sense,	but	has	
provision	 for	 inspection	 (tactile	 probing)	 of	 the	 workpiece	 to	 characterise	 the	 outcomes	 of	 both	















Identifying	 a	 suitable	 build	 orientation	 is	 highly	 dependent	 on	 the	manufacturing	 processes,	 part	
geometry	and	hybrid	manufacturing	strategy	employed.	For	example,	DED	processes	require	support	
structures	for	features	that	overhang	significantly,	or	that	have	no	contact	with	existing	structures.	
The	 use	 of	 high	 degree-of-freedom	 motion	 platforms	 permits	 a	 change	 in	 build	 direction	 during	
manufacture.	The	sequence	of	material	deposition	and	removal	also	changes	 the	build	orientation	
requirements.	 For	 example,	 planar	 milling	 of	 a	 deposited	 face	 will	 generally	 always	 be	 available;	
however,	profile	milling	of	a	deposited	feature	can	pose	tool-accessibility	issues.	
Kulkarni	and	Dutta	 [62]	 identified	 the	build	orientation	as	an	 ‘essential’	part	of	 the	hybrid	process	















































































The	 works	 of	 Zhu	 et	 al.	 [98]–[100]	 focus	 on	 process	 planning	 for	 hybrid	 additive	 and	 subtractive	
manufacturing,	including	the	use	of	inspection.	The	authors	decompose	parts	into	‘manufacturable’	



















Trends	 suggest	 that	 the	 future	 manufacturing	 economy	 will	 rely	 heavily	 on	 reconfiguration	 and	





Table	 1	 gives	 a	 summary	 of	 the	 commercially	 available	 products	 and	 publically	 announced	
developmental	work	being	undertaken	in	industry	with	regards	to	WHASPs.	DMG	Mori	Seiki	possess	
two	hybrid	additive	and	subtractive	machine	tool	capabilities,	each	at	different	stages	of	development.	
The	 most	 developed	 of	 these	 is	 the	 LASERTEC	 65	 3D,	 integrating	 laser	 cladding	 and	 5-axis	 CNC	







[119],	 [120],	 focusing	 largely	 on	 the	 repair	 of	 high-value	parts.	Using	 an	 existing	Hamuel	 turn-mill	
machine,	 this	 offering	 combines	 high	 speed	milling,	 directed	 energy	 deposition	 via	 laser	 cladding,	
inspection,	 deburring	 /	 polishing	 and	 laser	marking.	 Particular	 focus	 is	 given	 to	 the	 integration	 of	
inspection	 processes	 to	 close	 the	 loop	 between	 the	 additive	 and	 subtractive	 processes,	 and	 the	
damaged	 part.	 Mazak	 Corporation	 has	 announced	 a	 hybrid	 multi-tasking	 machine,	 namely	 the	
INTEGREX	i-400AM.	This	machine	utilises	two	Ambit	laser	cladding	heads	[108],	coarse	and	fine,	for	
high	 speed	 and	 high	 accuracy	 deposition,	 respectively.	 This	 WHASP	 is	 based	 on	 a	 multi-tasking	
















































































































































The	 year	 2015	 has	 also	 seen	 announcements	 from	 a	 consortium	 led	 by	 Optomec	 and	 backed	 by	
TechSolve,	Lockheed	Martin,	MachMotion	and	U.S.	Army	Benét	Labs	regarding	the	development	of	a	














at	 a	 comparatively	 low	 temperature.	 The	 only	 reference	 available	 for	 integration	 of	 cold	 spraying	
processes	with	a	subtractive	process	to	form	a	WHASP	is	by	Hermle	[124]–[126].	
In	2015,	Hermle	released	information	pertaining	to	their	hybrid	additive	and	subtractive	machine	tool	






machine	 tool.	 The	 technology	 is	 used	 to	 simplify	mould	manufacture	 by	 removing	mould-splitting	
processes	 and	 including	 complex	 internal	 mould	 features	 such	 as	 conformal	 cooling	 channels.	 In	
contrast	 to	 some	 of	 the	 other	 commercially	 available	 technologies,	 only	 three-axis	 machining	 is	










































solutions	 can	 vary	 considerably.	 Traditionally,	 there	 is	 limited	 information	 available	 regarding	 the	
exact	 nature	 of	 proprietary	 process	 planning	 algorithms.	 Nevertheless,	 this	 subsection	 offers	 a	




[136].	 This	 software	 has	 been	 developed	 by	 MachineWorks	 Ltd.	 and	 offers	 a	 full-machine	 tool	
simulation,	 including	 DED	 and	 CNC	machining	 capabilities.	 Although	 this	 is	 not	 a	 detailed	 process	
interaction	simulation,	 it	provides	useful	visual	simulation	of	the	part	evolution	as	material	 is	both	












































WHASP		 Controller	 Description	 Ref.	
Formation,	
Fabrisonic	 • SonicCAM	








tool-path.	 Included	 within	 this	 software	 suite	 will	 be	 a	








Software	 is	 divided	 into	 self-contained	 units,	 which	 take	
responsibility	 for	 CAD	 file	 processing,	 motion	 planning,	
design	 of	 necessary	 support	 structures,	 simulation	 of	











Sodick	 have	 developed	 a	 suite	 of	 softwares	 to	 facilitate	
hybrid	manufacture	via	their	combined	high-speed	milling	
and	 powder-bed	 fusion.	 MARKS-MILL	 is	 a	 CAM	 system,	
charged	with	 the	 generation	 of	 generation	 of	machining	
tool-paths.	 OPM-GenLaser	 assists	 in	 path	 planning	
(scanning	 strategy)	 for	 the	 powder-bed	 fusion	 process.	
OPM-Optimizer	 permits	 editing	 of	 the	 machining	 tool-
paths	generated	in	MARKS-MILL.	Finally,	OPM-Verify	offers	







subsections	 addressing	 machining	 platforms	 and	 their	 structural	 elements,	 control	 systems	 and	























widely	adopted	 in	both	academia	and	 industry.	Unlike	 the	mill-turn	configuration,	 these	machines	
have	the	advantage	of	an	easily	accessible	build-plate,	which	makes	them	well	suited	to	the	hybrid	




















Although	 machine	 configurations	 for	 other	 manufacturing	 processes	 have	 been	 explored,	 both	
academic	and	industrial	hardware	developments	have	focused	on	the	integration	of	DED	processes.	




The	 review	 of	 the	 published	 literature	 suggests	 that	 there	 has	 been	 approximately	 equal	 use	 of	



















































































The	 published	 research	 focuses	 predominantly	 software-based	 decisions	 regarding	 build-direction	
and	planar	slicing	of	parts	into	layers.	Particular	attention	is	given	to	undercut	(overhanging)	features	








in	 its	 implementation.	 Typically,	 experiments	 are	 undertaken	 to	 identify	 parameters	 that	 give	
desirable	 outcomes	 (e.g.	 laser	 cladding	 parameters),	 and	 then	 these	 are	 left	 unchanged	 during	
manufacture.	Hence,	future	research	opportunities	exist	in	the	design	of	adaptive	process	control	that	
is	 governed	 by	 closed-loop	 feedback	 using	 in-situ	 measurements.	 An	 important	 factor	 in	 this	
development	will	be	the	availability	of	reliable	process	models	and	test	data.	Furthermore,	the	existing	
research	 is	 heavily	 based	 on	 optimising	 the	 process	 parameters	 for	 individual	 operations	 namely,	























As	part	 of	 this	 review	of	 published	 research,	 observations	 have	 been	made,	 trends	 identified	 and	
future	 perspectives	 derived	 for	 WHASP	 process	 monitoring	 and	 inspection.	 The	 dominant	
technologies	in	WHASP	inspection	are:	tactile	probing	for	characterisation	of	features	and	workpiece	
orientation,	and	scanning	systems	for	reverse	engineering	of	feature	and	part	geometries.		
There	 is	a	noticeable	 lack	of	 research	covering	process	monitoring	 in	HASPs.	Only	one	example	of	
process	monitoring	and	control	has	been	identified	[73],	where	material	delivery	and	laser	power	are	
monitored	and	subsequently	controlled	via	the	WHASP’s	numerical	control.	There	are	still	substantial	


























There	 are	 opportunities	 for	 further	 exploration	 of	 metal	 additive	 processes	 that	 have	 analogous	
counterparts	 in	polymeric	additive	processes.	When	considering	 the	use	of	metals,	 the	absence	of	




ability	 to	 cure	 an	 entire	 layer	 by	 projecting	 an	 image.	 Equivalent	 developments	 in	metal	 additive	




necessary	 to	 prevent	 mixing	 and	 provide	 a	 sustainable	 recycling/disposal	 of	 micro	 scale	 additive	
particles	 and	 machining	 chips.	 Additionally,	 the	 effects	 of	 materials	 management	 on	 machine	
longevity,	and	health	and	safety	should	be	explored	in	detail.	Furthermore,	there	is	an	opportunity	to	
investigate	the	effect	of	surface	quality	of	the	build	plate/existing	parts	on	the	quality	of	the	finished	





left	 on	 the	 parts,	 the	 use	 of	 cutting	 fluids	 in	WHASPS	 should	 be	 eliminated	 or	minimised	 for	 the	


















current	 and	 future	process	monitoring	and	 inspection	 challenges	 that	WHASPs	will	 bring.	Another	




As	 a	 result	 of	 this	 research,	 a	 future	 vision	 for	 the	 architecture	 of	WHASPs	 and	 their	 associated	
controller	and	software	capabilities	has	been	defined.	This	is	represented	diagrammatically	in	Figure	
14.	 The	WHASP	 and	 its	 associated	 HASP	 are	 delivered	 through	 a	 machine	 tool	 that	 is	 inherently	
reconfigurable	in	accordance	with	the	above	definitions.	Hardware	and	software	are	both	modular	in	
their	architecture,	with	well	defined	interfaces	for	the	addition	of	new	modules.	These	modules	each	
deliver	a	process	or	 sensing	 (measurement)	 capability	 and	new	materials	or	production	 scales	are	
achieved	via	integration	of	new	modules.	
It	is	proposed	that	all	processing	of	the	workpiece	should	form	a	closed	loop.	Each	constituent	process	
should	 be	 adaptive	 to	 tolerate	 a	 variety	 of	 material	 composition,	 processing	 conditions	 and	 part	
geometries.	 Measurements	 of	 cutting	 forces	 and	 melt-pool	 conditions	 would	 be	 an	 essential	
requirement	for	such	a	capability.	On	a	different	level,	processing	between	differing	manufacturing	
processes	 should	 also	 be	 closed-loop	 in	 accordance	 with	 Figure	 3.	 This	 will	 necessarily	 require	
adequate	metrology	capabilities	to	inspect	the	workpiece	before	interchanging	processes.	
To	 generate	 an	 initial	 process	plan	 and	 specific	manufacturing	 instructions,	 an	 advanced	and	 fully	
integrated	software	layer	is	required.	The	ideal	part	is	represented	in	terms	of	its	geometry	and	quality	
characteristics	in	CAD.	These	are	then	passed	to	a	computer-aided	process	planning	(CAPP)	stage	to	
decompose	 the	 part	 into	 a	 sequence	of	 feasible	 sub-features	 that	 should	 result	 in	 successful	 part	
manufacture.	In	accordance	with	the	quality	requirements,	computer-aided	inspection	(CAI)	interlaces	
measurement	routines	within	the	process	plan.	Instructions	regarding	the	specific	process	parameters	
and	motion	 profiles	 required	 to	 execute	 a	 given	manufacturing	 process	 are	 developed	 via	 a	 CAM	
capability.	These	instructions	inform	a	prediction	of	manufacturing	outcomes	using	virtual	models	of	
materials,	 processes,	machine	 tool	 and	 controller	 behaviour.	 The	 outcomes	 of	 this	 stage	 undergo	
negotiations	 with	 overarching	 manufacturing	 objectives	 relating	 to	 cost,	 resource	 efficiency,	
productivity	and	quality	etc.	If	the	results	of	the	virtual	manufacturing	phase	satisfy	the	manufacturing	
objectives	to	within	a	predefined	acceptance	level,	manufacture	of	the	part	may	commence.	Failure	
to	 meet	 the	 objectives	 results	 in	 an	 iteration	 of	 the	 process,	 thus	 far,	 to	 propose	 an	 alternative	
manufacturing	strategy.	








CAD	model	 and	manufacturing	 objectives.	 Interventions	 are	 put	 in	 place	 to	 correct	 discrepancies	
through	 additional	 processing.	 In	 this	 sense,	 the	 process	 plan	 and	manufacturing	 instructions	 are	
adaptive	and	and	reactive.	This	loop	of	process-measure-reassess-process	could	be	run	ad-infinitum.	
However,	a	crucial	role	of	the	overarching	objectives	is	to	prevent	excessive	consumption	of	power,	
materials	 and	 tooling.	 To	 realise	 this	 vision,	 significant	 developments	must	 be	made	 in	 regarding	
supporting	 software,	 sensing	 and	 metrology	 capabilities,	 adaptive	 processing,	 and	 a	 generally	
reconfigurable	architecture	for	both	hardware	and	controller	elements.	
7.2.1. Design	for	machine	tool	and	controller	reconfiguration	
It	 is	 the	 contention	 of	 this	 research	 that	 WHASPs	 are,	 by	 their	 very	 nature,	 reconfigurable.	
Reconfigurable	Machine	 Tools	 (RMTs)	 have	 been	 a	 fertile	 research	 area	 since	 the	 late	 1990s	 and	
throughout	 the	 2000s.	 A	 cross	 section	 of	 this	 research	 may	 be	 gleaned	 from	 [140]–[142].	 The	
underlying	 research	 in	 this	 area	 has	 matured	 into	 with	 well-defined	 characteristics,	 and	 design	
methodologies	and	tools	[143]–[148].	Synonymous	controller	architectures	exist	in	the	form	of	Open-
Architecture	 Control	 Systems	 (OACS)	 [149].	 WHASPs	 are	 closely	 aligned	 with	 these	 paradigms,	











contradicting	 RMT	 tool	 concepts,	 as	 the	 final	 WHASP	 solution	 should	 be	 equally	 sympathetic	 to	
additive	and	subtractive	processing	 requirements,	without	 incorporating	 redundant	capability.	 It	 is	
suggested	that	future	research	should	consider	the	design	of	a	dedicated	machine	tool	structure	that	
is	tailored	to	both	processes,	using	well-defined	interfaces	to	permit	the	inclusion	of	further	modules.		
Control	 systems	 development	 should	 follow	 a	 in	 a	 similar	 vein,	 taking	 on	 a	 modular	 and	 open	
architecture.	 It	 has	 become	 clear	 that	 bidirectional	 communication	 between	 the	 machine’s	 NC	
controller	and	the	CAD,	CAM	and	CAI	software	needs	to	be	detailed	and	frequent.	This	is	largely	due	
to	 the	need	 to	 regularly	acquire	 time-specific	 information	 relating	 to	 the	workpiece	and	hardware	
interactions,	which	is	then	used	this	to	update	a	digital	representation	of	the	manufacturing	process.	
At	present,	it	is	only	through	the	use	of	NC	and	advanced	PC-based	software	that	this	can	be	achieved.	





























late	 1990s;	 however,	 the	 transition	 from	 research	 into	 the	 commercial	 arena	 has	 been	 gradual.	
Research	 has	 shown	 that	 HASPs	 may	 be	 used	 to	 manufacture	 geometrically	 and	 compositionally	
complex	parts,	which	were	previously	considered	too	time	consuming	or	even	impossible.	With	the	
exception	 of	 some	 early-adopters,	 the	 number	 of	 commercial	WHASPs	 has	 increased	 significantly	
since	the	late	2000s.			




















The	 future	 vision	 of	 this	 research	 area	 is	 the	 emergence	 of	 highly	 capable	 hybrid	 machines	 that	
combine	manufacturing	processes	from	a	number	of	process	categories	to	transform	numerous	raw	
materials	 into	 finished	 parts	 and	 even	 assemblies.	 These	 machines	 will	 intelligently,	 fluently	 and	
automatically	switch	manufacturing	processes	to	work,	inspect	and	rework	material	until	all	necessary	
manufacturing	 requirements	 are	met.	 This	 is	 envisioned	 to	 be	 a	 largely	 unsupervised	 process,	 as	
integrated	sensors	and	comprehensive	metrology	solutions	provide	automatic	updates	 to	an	ever-
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